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CONTROLLED RECRYSTALLIZATION OF
BURIED STRAP IN A SEMICONDUCTOR
MEMORY DEVICE

This application is a division of application Ser. No.
08/412.,442, filed Mar. 29, 1995, now U.S. Pat. No. 3,543,
348.

BACKGROUND OF THE INVENTION

1. Technical Field

The present invention generally relates to a method of
manufacturing a semiconductor memory device and, more
particularly, to a method of forming a buried strap for
electrically connecting a storage trench capacitor to a trans-
fer gate in a trench-capacitor type DRAM cell.

2. Description of Related Art

FI(. 1 is a circuit diagram of a conventional memory cell
10 used in a dynamic random access memory (DRAM).
Memory cell 10 includes a storage capacitor 15 for storing
charges and a MOS transfer transistor (or “transfer gate™) 20
for controlling charge transfer. One end of the source-drain
path of MOS transistor 20 is connecied to bit line BL and the
other end of the source-drain path of MOS transistor 20 is
connected to a first electrode of capacitor 15. A second
electrode of capacitor 15 is connected to a predetermined
potential such as ground potential. The gate of MOS tran-
sistor 20 is connected to word line WL to which signals are
applied for controlling the transfer of charges between
storage capacitor 15 and bit line BL., thereby reading and
writing data. While it is desirable to increase the integration
density of memory cells on a memory chip by making the
MOS transfer transistor and the storage capacitor smaller,
the capacitor must nonetheless be large enough to store
sufficient charge for ensuring that data is correctly read from
and written to the memory cell. So-called trench capacitors
have been developed to increase the capacitance of the
storage capacitor while permitting the integration density of
the memory cells to be increased. |

Various techniques have been employed to connect trench
capacitors to surface-located transfer gates. For example, a
self-aligned buried strap as described, in Nesbit et al., A 0.6
um” 256Mb Trench DRAM Cell With Self-Aligned BuriEd
STrap (BEST), IEDM 93-627-630, may be used. FIGS. 2A
and 2B 1illustrate the DRAM cell and buried strap described
in the Nesbit et al. publication. Specifically, FIG. 2A illus-
trates a top-down view of a DRAM cell having a self-aligned
buried strap and FIG. 2B is a cross-sectional view taken
along line I-T of FIG. 2A. DRAM cell 50 includes a trench
capacitor 55 and a transfer gate 60. Trench capacitor 55
includes a first N+ polysilicon fill 65, a second N+ polysili-
con fill 67, and a collar oxide 71. Transfer gate 60 includes
N-type source/drain regions 73 and 74 formed in a P-well 75
and a polysilicon gate 77 insulatively spaced from the
channel between source/drain regions 73 and 74. A bit line
contact 79 electrically connects source/drain region 73 to bit
line 81. A shallow trench isolation (S§TI) arrangement 80
electrically isolates DRAM cell 50 from an adjacent
memory cell and passing word line 92. A diffusion region 83
1s formed to electrically connect third polysilicon fill 69 and
source/drain region 74 of MOS transfer gate 60 by outdif-
fusing dopants from the highly doped polysilicon fill in the
storage trench into the P-well 75. Diffusion region 83 and
third polysilicon fill 69 constitute a buried strap for con-
necting trench capacitor 85 to transter gate 60.

However, several difficulties are associated with the bur-
ied strap concept. A first difficulty is that after the buried
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strap is formed, the thermal budget of the further semicon-
ductor device fabrication process is limited. Exceeding this
limit leads to an excessive outdiffusion from the trench
polysilicon fill to underneath the transfer gate and towards
neighboring memory cells. This dopant outdiffusion results
in unacceptable changes of the transfer gate device charac-
teristics as well as in possible electrical leakage between
neighboring cells. With the shrinking design groundrule of
high capacity DRAM:s, the tolerable length of this outdif-
fusion also decreases. For example, in a 256 Mb Trench
Capacitor DRAM cell with a (.25 micrometer design groun-
drule and with the buried strap concept, only a 0.1 microme-
ter outdiffusion from the side of the trench is allowed.

Further, the limitation on the thermal budget after buried
strap formation limits oxidation steps to low temperature
and conflicts with the need for thermal anneals to heal
implantation damage or to relieve stress built up in the
silicon substrate during the fabrication process. During
oxidation processes following the buried strap formation,
oxygen can diffuse from the substrate surface into the collar
oxide and oxidize the sidewalls of the polysilicon trench fill
and the substrate as shown in FIG. 3. The collar oxide
expands and forms a vertical bird’s-beak-shape. This collar
expansion leads to a high stress level and to generation of
extended crystal defects in the substrate like dislocations and
stacking faults around the most expanded part of the oxide

- collar. Extended crystal defects can cause electrical leakage
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across junctions. If the stress built up during one or several
oxidation steps 1s below the critical level to generate crystal
defects, and if there is enough thermal budget to relieve this
stress by thermal anneals after the oxidation steps, the
formation of extended crystal defects can be prevented.
Therefore, a thermal budget which allows proper stress relief
anneals is essential for a successful fabrication of a DRAM
with the deep trench and buried strap concept.

Another difficulty related to the buried strap concept is the
generation of extended crystal defects at the interface of
polycrystalline trench fill 69 to the crystalline silicon sub-
strate. This interface sits next to the area where the oxide
collar expands most during the oxidation steps of the fab-
rication process and therefore is exposed to the highest stress
field. During the oxidation steps, the polysilicon trench fill
69 contacting the single-crystalline silicon substrate starts to
recrystallize in an uncontrolled manner over a distance
which can be as far as the width of the collar oxide. Due to
the inherent high stress field, crystal defects in the polysili-
con grains (twins, stacking faults, etc.) act as seeds for defect
formation at the interface to the neighboring substrate.

Crystal defects are generated there and pushed far into the
substrate. |

SUMMARY OF THE INVENTION

In accordance with the present invention, a method of
forming a coupled capacitor and transistor is provided. A
trench is formed in a semiconductor substrate and an
impurity-doped first conductive region is then formed by
filling the trench with an impurity-doped first conductive
material. The impurity-doped first conductive region is
ctched back to a first level within the trench. An insulating
layer is then formed on a sidewall of the potion of the trench
opened by the etching back of the impurity-doped first
conductive region and a second conductive region is formed
by filling the remainder of the trench with a second con-
ductive material. The insulating layer and the second con-
ductive region are etched back to a second level within the
trench and an undoped amorphous silicon layer is formed in
the potion of the trench opened by the etching back of the
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insulating layer and the second conductive region. The
undoped amorphous silicon layer is etched back to a third
level within the trench. The undoped amorphous silicon
layer is then recrystallized. Impurities are subsequently
outdiffused from the impurity-doped first conductive region
to the semiconductor substrate through the recrystallized
silicon layer. A source/drain region of the transistor is
formed adjacent to an intersection of the trench and the
surface of the semiconductor substrate. The outdiffused
impurities and the recrystallized silicon layer constitute a
buried strap for electrically connecting the first and second
conductive layers in the trench to the source/drain region.

In accordance with the buried strap recrystallization
described above, an additional thermal budget of, for
example, at least 90 minutes at 1050° Celsius is achieved.
This additional thermal budget can be used for appropriate
stress relief anneals without resulting in any excessive
dopant outdiffusion from the trench. In addition, the inter-
face of the polysilicon and the single crystal silicon is moved
away or recessed from the high stress area around the
expanded collar oxide. This avoids the generation and
extension of crystal defects into the semiconductor sub-
strate.

These and other features and advantages of the present
invention will be better understood from a reading of the

following detailed description in conjunction with the
accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a circuit diagram of a conventional DRAM
memory cell.

FIGS. 2A and 2B are top-down and cross-sectional views,
respectively, of a DRAM cell with a self-aligned buried
strap.

FIG. 3 illustrates the expansion of collar oxide 71 due to
oxidation processes after buried strap formation.

FIGS. 4A—4H illustrate the method of forming a semi-
conductor device in accordance with the present invention.

FIG. 5 is a detailed illustration of the recrystallization of
undoped amorphous silicon layer 107.

FIGS. 6A and 6B illustrate defects which are constrained
in the trench fill and which extend into the semiconductor
substrate, respectively.

FIGS. 7A and 7B respectively illustrate buried straps
formed in accordance with the method of the present inven-
tion and in accordance with a prior art method, respectively.

DETAILED DESCRIPTION

The present invention will be described in detail with
reference to FIGS. 4A—4H. As shown in FIG. 4A, a buried
N-type well 100 is formed in a P -type semiconductor
substrate 10 by implanting phosphorous below the intended
P-well for a memory cell array. A buried N-type well may
also be formed by other methods, e¢.g., P-well implantation
into an N-type semiconductor substrate or by epitaxy, and
the invention is not limited in this respect. A silicon nitride
layer 102 of about 0.2 micrometers is formed by chemical
vapor deposition, for example, on the surface of a thin oxide
layer 101 (e.g., about 10 nanometers) which is thermally
grown on semiconductor substrate 10. Oxide layer 101 and
silicon nitride layer 102 are patterned and etched to provide
a mask for etching a trench 103. Trench 103 is etched using
an anisotropic etching process to a depth of about $§
micrometers as shown in FIG. 4B. After storage node trench
103 is etched, an N'-type capacitor plate 104 is formed by

10

4

outdiffusing arsenic from the lower portion of trench 103.
An oxidized nitride (ON) storage node dielectric (not
shown) is then formed in trench 103. After the dielectric is
formed, a first conductive region is formed by filling trench
103 with an impurity-doped first conductive material such as
N*-type polycrystalline silicon. The filling step may be
carried out using chemical vapor deposition of silane or
disilane, for example. The N'-type polycrystalline silicon is
then etched back to a first level within trench 103 using an
isotropic etch process to form a first trench fill 105. The level
of first trench fill 104 is about 1.0 micrometer below the

~ surface of semiconductor substrate 10. A collar oxide 106 is
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then formed on the sidewall of the portion of trench 103
opened by the etching back of the N'-type polycrystalline
silicon using LPCVD or PECVD TEOS as shown in FIG.

4C.

A second conductive region is formed by filling in the
remainder of trench 103 with a second conductive material.
The second conductive material may be, for example,
N'-type polycrystalline silicon or undoped polycrystalline
silicon and may be formed by chemical vapor deposition.
The second conductive material and the oxide collar 106 are
then etched back to a second level within trench 103 to form
a second trench fill 107 insulated from the semiconductor
substrate by oxide collar 106 as shown in FIG. 4D. The
depth of the buried strap to be formed 1n a subsequent
process step is defined by this controlled etch-back of the
second conductive material and oxide collar 106. Second
trench fill 107 is etched back to about 0.1 micrometer below
the surface of semiconductor substrate 10. An in-situ
removal of a native oxide in trench 103 is then performed.
In particular, it is important that a native oxide on the upper
surface of second trench fil 106 and on the sidewall of
trench 103 through which impurities for the buried strap will
subsequently be outdiffused are removed. This removal of
native oxide may be carried out by an in-situ prebake in a
hydrogen ambient at a temperature greater than 850°
Celsius, for example.

The portion of trench 103 opened by the etching back of
oxide collar 105 and the second conductive material is then
filled by amorphously depositing undoped silicon using
chemical vapor deposition, for example. Although the amor-
phous silicon may be doped, this silicon will act as a
diffusion barrier for dopants in the deep trench fill as will be
explained below and is more effective in performing this
function if undoped. The undoped amorphous silicon is then
etched back using reactive ion etching, for example, to form
a third trench fill 108 as shown in FIG. 4E. The amorphous
silicon is preferably etched back to about 0.05 micrometer
below the surface of semiconductor substrate 10 as deter-
mined by the tolerable resistance of the buried strap, and by
the recess etch controllability. As will be discussed below,
the recrystallization of third trench fill 108, as an extension
of the buried strap, can be accomplished in a controlled
manner if the undoped silicon is deposited amorphously.

- With reference to FIG. 4F, a reactive ion etch is performed

65

to provide shallow trench 110 for shallow trench isolation.
In general, shallow trench isolation 1s used to isolate discrete
memory cell devices to prevent interference therebetween.
Accordingly, a shallow trench such as shallow trench 110 is
formed between adjacent deep trench configurations to
ensure that they operate independently.

Then, the undoped amorphous silicon layer 108 is recrys-
tallized as shown in FIG. 4G and in more detail in FIG. 5.
The recrystallization is performed by heating at a tempera-
ture at which the amorphous silicon layer ‘108 begins to
recrystallize, but at which the spontancous formation of
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polysilicon is still prevented. A typical recrystallization
temperature is around 550° C. and a typical temperature
range for recrystallization is between about 500° and 700°
C. The recrystallization rate of amorphous silicon depends
exponentially on temperature: the lower the temperature, the
longer the process time.

The extension of the recrystallized area is determined by

the depth of the amorphous silicon layer 108. Because
recrystallization simultaneously starts at the interface of
amorphous silicon layer 108 and the substrate and at the
interface of second conductive region 107 and amorphous
silicon layer 108, a single crystalline area without any
defects will be formed in the hatched area of FIG. 5. The
dotied area in FIG. S contains polycrystalline grains. The
diagonal line in between these two areas indicates the
interface at which the recrystallizing front and the polysili-
con front meet. Because the crystalline silicon substrate acts
as a seed for the recrystallization, a native oxide in between
the substrate and the amorphous silicon layer 108 as well as
a native oxide 1n between second conductive region 107 and
amorphous silicon layer 108 is not acceptable. Therefore the
in-situ removal of the native oxide prior to deposition of the
amorphous silicon as described above is important.

It is important to recrystallize the silicon layer 107 before

the first oxidation process is performed. Only in this case is
the interface of the poly-/single-crystalline silicon moved
away from the high stress area around the expanded collar
oxide. The recrystallization step can be easily integrated in
the fabrication process if, for example, prior to a subsequent
shallow trench isolation (STI) oxidation step, wafers are
placed 1n a furnace at, for example, 550° C. and kept at this
temperature under nitrogen ambient for some minutes (e.g.,
10 minutes). As noted above, recrystallization time depends
exponentially on temperature. The recrystallization time is

also dependent on the gquality of the amorphously deposited
silicon.

Shallow trench 110 is then filled in to ensure isolation

- from adjacent trench structures. For example, with reference
to FIG. 4H, an oxide lining 120 may be formed over the

layer 107 and the interior surface of shallow trench 110. A

nitride lining 122 may then be formed over oxide lining 120.
The oxide and nitride linings 120, 122 serve to isolate collar
oxide 105 from oxidant, and thereby suppress dislocation
and stress. Finally, shallow trench 110 may be filled accord-

ing to techniques known in the art. For example, an oxide
124 may be deposited to fill in shallow trench 110.

Other shallow trench isolation techaiques may be used
such as the technique described in U.S. application Ser. No.
08/351,161 entitled “Shallow Trench Isolation with Deep

Trench Cap”, which is incorporated herein by reference
thereto.

During the complete DRAM fabrication process, impu-
rities from the conductive regions within the trench are
outdiffused to form strap portion 126. By virtue of the
recrystallizing step described above, an additional thermal
budget results, whereby stress relief anneals can be per-

formed without the outdiffusion affecting the transfer gate
characteristics or adjacent memory cells. These stress relief

anneals are preferably carried out after oxidation steps
which generate stress in the substrate (e.g., sacrificial gate
oxide, gate oxide), or after ion implantation. In addition,
since the interface of the poly/single crystalline silicon is
moved away from the high stress area around the oxide
collar, the generation and extension of crystal defects into
the substrate is reduced.

A gate insulator may then be formed on the planar surface,
and gate material may be deposited and patterned to form
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gate electrodes. Using the gate electrodes as masks, source/
drain regions may be formed by ion implantation.
Accordingly, transter gates coupled to trench capacitors are
realized. Interconnection between devices and metallization
to the output terminals are conducted using techniques
known in the art

In accordance with the present invention, a simple,
process-compatible method is provided for fabricating a
diffusion-limiting interconnection between the polysilicon
fill of a deep trench capacitor and the semiconductor sub-
strate before a buried strap is outdiffused. This interconnec-
tion consists of undoped crystalline silicon of a defined
width which has been formed by a controlled recrystalliza-
tion of the upper part of the deep trench fill. An additional
thermal budget is then given to allow proper stress relief
anneals in the fabrication process of DRAM cells with deep
trench and buried strap.

The generation of extended defects in the silicon substrate
is also prevented since the interface of the polysilicon trench
fill and the crystallization substrate is recessed towards the
trench fill, away from the high stress area around the upper
collar oxide. Even if some defects like stacking faults or
twins which lie on the {111} crystal planes are generated in
the recrystallized part they are substantially constrained
there because of geometrical reasons and do not extend into
the substrate. Specifically, with reference to FIG. 6A, stack-
ing faults and dislocations mostly lie on (111) crystal planes
in the single crystalline silicon, i.e., under approximately 55°
relative to the substrate surface. If the defect generating
polysilicon/crystalline silicon interface is pulled back, then
defects which originate at this interface have less probability
of extending into the substrate. Defects which are confined
within the third deep trench fill do not cross any electrical

junctions, and therefore do not cause leakage.

With reference to FIG. 6B, for the case where the interface
is not recessed by a recrystallization, originating defects
woluld always extend into the substrate.

Thus, the controlled recrystallization of the upper part of

the trench fill recesses the single/poly-crystalline interface

behind the expanded collar oxide, thereby avoiding the
generation and extension of crystal defects into the
substrate, while simultaneously solving the problem of the
limited thermal budget. The additional thermal budget
gained by the buried strap recrystallization can be seen from
FIGS. 7A and 7B. The outdiffusion of the buried strap is
simulated for two cases. The first trench fill is assumed to be
doped with (As) 5x10'® em™ and the second and third
trench fills are assumed to be undoped. The p-well doping
around the trench is (B) 2x10'" cm™. FIG. 7A shows a
trench with a recrystallized buried strap. The simulation is
based upon the thermal budget for the fabrication process
(which does not include any stress relief anneals) plus an
additional thermal budget tor stress relief of, for example, 90
minutes at 1050° C. Of course, 90 minutes at 1050° is
merely exemplary of the additional thermal budget which
may be gained in accordance with this invention. The Dt
product (D=temperature dependent diffusion coefficient of
outdiffusing dopants, t=diffusion time) allows longer times
at lower temperatures, or shorter times at higher tempera-
tures. As can be seen with reference to FI(G. 7A, the
outdiffused buried strap overlaps the source/drain region so
that good contact is guaranteed. The junction width of the
buried strap to the P-well is below 0.1 micrometer so that -
there is no effect on the transfer device characteristics.
Further, there is no chance of electrical leakage to the buried
strap of neighboring cells.

FI1G. 7B shows an identical structure, simulated with the
same thermal budget as in FIG. 7A, but without buried strap
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recrystallization. The buried strap outditfusion of about 0.15
micrometers may already influence the transfer device char-

acteristics. In this structure, a perfect overlay alignment of
the transfer gate to the trenches is assumed. However, if the
overlay of the transfer gate to the trench deviates from the
perfect alignment position up to its maximum permitted
value of 0.1 micrometer, the outdiffused buried strap reaches
underneath the transfer gate. The electrical characteristics of
the transfer device will be strongly affected. Also the pos-
sibility of cell-to-cell leakage via buried straps of neighbor-
ing cells is much higher than in the case without buried strap
recrystallization.

The simulations show clearly that with the buried strap
recrystallization, a much higher thermal budget of the fab-
rication process is allowed. The additional thermal budget
of, for example, at least 90 minutes at 1050° C. which is
gained by the controlled recrystallization of the third trench
fill, can be used for appropriate stress relief anneals without
any excessive dopant outdiffusion from the trench.

While the invention has been described in detail with
reference to the appended drawings, the invention is limited
in scope only by the claims. Moreover, any publication cited
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herein should be construed to be incorporated by reference
as to any subject matter deemed essential to the present

disclosure.

We claim:
1. A semiconductor memory device, comprising:

a semiconductor substrate;
a trench formed in said semiconductor substrate;

conductive material formed in said trench and insulatively
spaced from semiconductor substrate to form a capaci-
tor;

a transfer gate transistor including source/drain regions
formed on a surface of said semiconductor substrate

and a control gate insulatively spaced from a channel
region between said source/drain regions; and

a buried strap electrically connecting said capacitor to one
of said source/drain regions of said transfer gate
transistor, a portion of said buried strap comprising
recrystallized silicon.

< S S S
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